We suggest that electron microprobe techniques may be employed to date Tertiary samples of uraninite (UO 2 ), which can contain very high concentrations of radiogenic Pb after only a few million of years of U and Th decay. Although uraninite is regarded as a rare accessory mineral, it is relatively abundant in leucogranitic rocks such as those found in the Himalayan orogen. We apply the U-Th-total Pb electron microprobe chemical dating method to a uraninite crystal from a ca. Th, and Y in uraninite at ca. 700 °C to be > 10 -7 cm 2 s -1 . In contrast, Pb shows no distinctive concentration gradient across the core-rim boundary, implying that Pb has a much higher diffusivity in uraninite than U, Th, or Y. We estimate that Pb loss of as much as ca. 8.9% has occurred in the uraninite grains we analyzed by ID-TIMS.
mass spectrometry (ID-TIMS) U-Pb dates obtained from seven other uraninite grains and a monazite crystal from the same sample. Electron microprobe chemical dating yields results that typically will be an order of magnitude less precise than conventional dates:
in the specific case of the Mugu granite, single point chemical dates each have ca. 1.5 Ma 2σ (95%) confidence level uncertainties. However, the mean chemical date of 15 point analyses of the crystal we study has a 2SE (2 standard error) uncertainty of ca. 400 ka, comparable to uncertainties obtained with ID-TIMS. These results show that electron microprobe chemical dating of uraninite has substantial promise as a reconnaissance tool for the geochronology of young granitic rocks. The electron microprobe work also reveals substantial chemical complexity within uraninite that must be taken into account.
The analyzed crystal displays a texturally and chemically distinctive core and rim that suggests episodic growth. Concentration gradients in U, Th, and Y across the boundary imply diffusive modification with
Dn . We estimate the diffusivity of U, Th, and Y in uraninite at ca. 700 °C to be > 10 -7 cm 2 s -1 . In contrast, Pb shows no distinctive concentration gradient across the core-rim boundary, implying that Pb has a much higher diffusivity in uraninite than U, Th, or Y. We estimate that Pb loss of as much as ca. 8.9% has occurred in the uraninite grains we analyzed by ID-TIMS. High-precision U-Pb geochronology of pre-, syn-, and post-kinematic granites utilizing isotope-dilution, thermal-ionization mass spectrometry (ID-TIMS) has proved to be a powerful tool for unraveling the complex geologic history of the Himalaya [e.g. 2, 3-6].
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However, the existence of numerous generations of anatexites in the Himalaya and the complexity of accessory mineral suites in these rocks [e.g. 7] requires painstaking, systematic effort for ID-TIMS geochronology to be effective. It is therefore useful to explore reconnaissance methods of U-Pb geochronology that, while inherently less precise, might better inform and facilitate detailed ID-TIMS work.
One reconnaissance method that has been used to great effect in the Himalaya is Th-Pb ion microprobe isotopic dating of monazite [8] [9] [10] [11] [12] . A second, high spatial resolution, reconnaissance approach to dating monazite employs chemical rather than isotopic data. This method presumes that essentially all Pb in monazite is derived from the in situ decay of U and Th, such that the concentration of Pb in a specific sample is proportional to its age [13] . For monazites that are sufficiently old -typically Paleozoic or older -the necessary measurements can be made with electron microprobe equipment, instruments that are more widely available than ion microprobes and that provide an order-of-magnitude better spatial resolution than is commonly realized in most ion microprobe studies. Although electron microprobe chemical dating of monazite has proved to be an important tool for tectonic studies in older orogenic settings [e.g. 14], the concentrations of radiogenic Pb in Tertiary monazites -such as those found in the Himalaya -are sufficiently low to limit usefulness of the technique using currently available technology. Another common leucogranite accessory mineral -uraninite (UO 2 )
-should have higher Pb concentrations due to its high U concentration, and has been used with success for Paleozoic and older samples [15] [16] [17] [18] . In this paper, we show that uraninite can be a useful target for electron microprobe chemical dating studies of young samples.
THEORY
The radioactive decay of 235 
APPLICATION TO LEUCOGRANITE FROM THE NEPAL HIMALAYA
We illustrate the use of this approach with uraninite from a sample of Himalayan leucogranite collected in the Upper Mustang region of north central Nepal (Figure 1 ).
The northwestern flank of a major N-S rift in this region -the Thakkhola graben - The particular sample of Mugu granite we examine, 00KG20, was collected from a late-phase, 0.5 m-wide dike that intrudes both an earlier Mugu granite dike and dark, calc-pelitic metamorphosed country rock (Figure 2a ). In addition to monazite, the accessory mineral suite for this sample included relatively abundant, black, euhedral crystals of uraninite ( Figure 2b ). Pure accessory mineral separates were obtained from a crushed aliquot of 00KG20 using standard magnetic and gravimetric separation techniques. One uraninite crystal from 00KG20 (u5) was selected for electron microprobe chemical dating, while seven other uraninite grains (u1-u3 & u4a-d) were dissolved for comparative ID-TIMS geochronology. Two monazites from 00KG20 (m1 & m2) were also measured with ID-TIMS.
Electron Microprobe Analytical Methods
Crystal u5 is a cubic crystal approximately 200 mm across. We mounted it in epoxy, and we ground and polished the mount to expose a rectangular cross section The quantitative point analyses were performed by wavelength dispersive spectrometry (WDS) using PET diffracting crystals and sealed Xe-proportional counters.
Prior to quantitative analysis, the WD spectrometers were calibrated with respect to U, Table 1 .
Grain Characteristics
When uraninite crystals from 00KG20 are examined under a binocular microscope, their crystal faces display a specular patina that suggests the presence of Table 2 for further details, including fractionation, total procedural blanks, and complete isotopic data for each grain analyzed.
ID-TIMS Analytical Methods
With the exception of u3, the isotopic composition of Pb in the grains we analyzed was highly radiogenic ( 
RESULTS
After matrix and Y and Th interference corrections were applied, elemental concentrations of U, Th, Pb, Y, and O (in weight %) were re-normalized to sum to 100% and the elemental concentrations were recast in ppm (Table 1) . In most cases, the sum total of U, Th, Pb, Y, and O was close to 100% by weight before re-normalization (Table   1) indicating that these species comprise the bulk composition of grain u5. The significant (i.e. ppm level) amounts of Th and Y are consistent with previous measurements of natural uraninite [34] . Generally, the 0-3% unaccounted for may be due Table 2 summarizes the total U-Pb-Th chemical dates calculated with equation
Electron Microprobe Chemical Dates
(1) and the electron microprobe data for each point along both transects through grain u5. Figure 3g ) that we regard as a reliable estimate of the age of grain u5. By comparison, the mean age of the total of seven outlier points (excluding anomalously old points and those with low totals) along both transects is 21.12 ± 0.97 Ma, with an unacceptably high MSWD of 3.47.
ID-TIMS Dates
Monazite grain m1 plots nearly concordantly (Figure 4a & 
where the "corrected" subscript refers to the 230 Th deficiency corrected value, the "measured" subscript indicates the value from the ID-TIMS analyses, the "mineral" subscript indicates the Th/U ratio of the uraninite grain, the "magma" subscript indicates Table   2 ) gives the best minimum constraint on the crystallization age of uraninite in 00KG20. (Table 3) .
DISCUSSION

Comparison of Chemical Dating and ID-TIMS Results
Because we do not know the specific Th/U of the magma from which the Mugu granite crystallized, the absolute significance of the uraninite ID-TIMS upper intercept date is uncertain. However, the similarity it has to the mean chemical dates may suggest that the Th/U ratio we use is a reasonable estimate. In any case, the simplest interpretation of the ID-TIMS results is that the linear arrays in Figure 4 represent substantial, but variable, Pb loss subsequent to crystallization of 00KG20 (m1: 18.28 Ma; (Table 2) lasting no more than ca. 1.5 Ma, the uncertainty in our chemical dates (Table 1) . That the entire growth history of the uraninite in sample 00KG20 was a short one is also hinted at by the peculiar mineralogy of some of the inclusions within grain u5. The preservation of inclusions of diopside and fayalite, both expected to dissolve quickly in a leucogranitic melt, suggests that encapsulation of the inclusions was a rapid process and that uraninite was an early solidus phase in the melt that crystallized as the 00KG20 dike.
U, Th, Pb and Y Diffusion in Uraninite
The hypothesis that Pb mobility in uraninite is an important contributor to the UTh-Pb systematics of grain u5 is supported by the spatial patterns of elemental concentrations we measured with the electron microprobe. We note that the spatial distribution of Pb is completely unlike that of U, Th, and Y and that it does not match the grain morphology (e.g Figure 2e) . ) at a given temperature, in contact along an interface at x = 0, [40] :
where x is the spatial coordinate (in cm), t is time (in s); c 1 is the concentration in the region x > 0 (in ppm), c 2 is the concentration in the region x < 0 (in ppm), and c 0 is the initial concentration in the region x > 0 (in ppm). It is assumed that the initial concentration in the region x < 0 is zero, and that equilibrium is attained when the concentrations in both regions are equal (e.g.
To fit equations (3ab) to the measured U, Th, and Y concentration profiles, we linearize equations (3ab) by inverting through the error function: 2.76x10 -6 cm 2 and 2.99x10 -6 cm 2 , respectively. For Y, D n t is 6.19x10 -6 cm 2 , about a factor of 2 higher. Furthermore, presuming that all Pb in the sample is radiogenic, the relative homogeneity of its concentration across the core-rim interface in grain u5 (Figure 3d ) -despite a significant difference in U/Th ratio across the interface ( ), we can make an estimate of the time required to develop the U concentration profiles we observe given a reasonable range of temperatures, or vice versa. We find that for any reasonable choice of temperature, the time required is geologically unrealistic (Table 4) . Similarly, for any geologically reasonable period of time, the required temperature is impossibly high (Table 4) .
There are several possible explanations for this. The most likely is that the Arrhenius parameters of Sabioni et al. [44] are not applicable to natural uraninite, although the possibility exists that the concentration profiles we observe in grain u5 are not due to diffusion at all and may reflect another process. However, in addition to the parameters in equation (6) (Figure 4b ; Table 3 ). According to this scheme, grain u5 has essentially no Pb loss since its mean chemical date is within uncertainty (actually older than) the upper intercept age (Table 3) . Alternatively, if we use the ca. 18.28 Ma ID-TIMS date from monazite m1 ( Un-normalized, Y-and Th-interference corrrected (see #) totals for each point analysis in weight percent (wt. %). In most cases, the totals are close to 100% before being re-normalized (re-normalized % totals not given; see #). Generally, the 0-3% unaccounted for may be due to trace amounts of Nd, Ra, Ce, N, He, A, and/or OH -commonly present in uraninite that we did not measure (e.g. Snetsinger and Polkowki, 1977; Klein and Hurlbut, 1993) . Those analyses with anomalously low totals (e.g. ≤ 96%; italicized) may also have been adversely affected by non-idealities (i.e. pits and roughness) on the polished grain surface (see Fig. 2 ). These points were excluded from calculation of the mean chemical date (see ##).
See Fig. 2 for maps of the points superimposed on the back-scattered and secondary electron images. For Transect 1, Point 1 is near the center of the grain and Point 14 is at the edge. Similarly, for Transect 2, Point 1 is near the center and Point 10 is at the edge.
¤ Radial distance outward from the center of the grain. The "center" is taken to be the position of the innermost point analysis. Note that Point 1 for Transect 1 is not in the same place as Point 1 for Transect 2, although both are in the approximate center of the grain (Fig. 2) . For Transect 1, the structural break between core and rim is between Points 9 and 10. For Transect 2 the structural break between core and rim is between Points 7 and 8. Isotopic ratios corrected for fractionation, spike, blank, and initial common Pb. Total procedural U blank < 0.1 pg ± 50%. Data were reduced using a total procedural Pb blank of 3.5 pg ± 50% except for analyses with < 3.5 pg total common Pb, in which case this value was used as blank and the uncertainty reduced to 20%. Pb blank composition: 206 Pb/ 204 Pb = 19.10 ± 0.1%, 207 Pb/ 204 Pb = 15.71 ± 0.1%, 208 Pb/ 204 Pb = 38.65 ± 0.1% ( uncertainties at the 1σ level). Initial common Pb composition used is based on the model of Stacey and Kramers (1975) and the interpreted age of the sample. Numbers in parentheses are the % error reported at the 2σ (95%) confidence level. Th deficiency.
Transect 1 mean and 2 standard errors of the mean (Table 1) .
¤¤ Transect 2 mean and 2 standard errors of the mean (Table 1) .
## All points mean and 2 standard errors of the mean (Table 1) . F igure 5
